A new approach to the dynamics of oxygen capture by the human lung  by Kang, Min-Yeong et al.
AM
a
b
c
d
a
A
A
A
K
O
V
H
P
C
1
o
a
i
r
o
m
I
s
b
c
c
S
o
e
1
T
t
c
t
h
1Respiratory Physiology & Neurobiology 205 (2015) 109–119
Contents lists available at ScienceDirect
Respiratory  Physiology  &  Neurobiology
jou rn al h om epa ge: www.elsev ier .com/ locate / resphys io l
 new  approach  to  the  dynamics  of  oxygen  capture  by  the  human  lung
in-Yeong  Kanga, Ira  Katzb,c, Bernard  Sapovala,d,∗
Physique de la Matière Condensée, CNRS, Ecole Polytechnique, 91128 Palaiseau, France
Medical R&D, Air Liquide Santé International, Centre de Recherche Paris-Saclay, 78534 Jouy-en-Josas, France
Department of Mechanical Engineering, Lafayette College, Easton, PA 18042, USA
Centre de Mathématiques et de leurs Applications, CNRS, UniverSud, 94235 Cachan, France
 r  t  i  c  l  e  i  n  f  o
rticle history:
ccepted 3 November 2014
vailable online 7 November 2014
eywords:
xygen capture
a  b  s  t  r  a  c  t
Oxygen  capture  in the  lung  results  from  the  intimate  dynamic  interaction  between  the  space-  and  time-
dependent  oxygen  partial  pressure  that results  from  convection-diffusion  and  oxygen  extraction  from  the
alveolar  gas and the  space  and  time  dependence  of oxygen  trapping  by  the  red blood  cells  ﬂowing  in  the
capillaries.  The  complexity  of  the  problem  can,  however,  be reduced  due  to  the  fact  that the  systems  obey
different time  scales:  seconds  for  the gas  phase  transport  and  tenths  of seconds  for oxygen  trapping  byentilation–perfusion
igh altitude
ulmonary edema
O and NO diffusing capacity
blood.  This results  ﬁrst from  a dynamical  study  of  gas  transport  in a moving  acinus  and  second  from  a  new
theory of  dynamic  oxygen  trapping  in the  capillaries.  The  global  solution  can be  found  only  through  a  self-
consistent  iterative  approach  linking  the  two  systems.  This  has  been  accomplished  and  used  to quantify
oxygen  capture  in  various  situations:  at rest,  during  exercise,  ventilation–perfusion  mismatching,  high
altitude  and  pulmonary  edema.
ublis©  2014  The  Authors.  P
. Introduction
The scientiﬁc understanding of oxygen capture has changed
ver time based on the conceptual and experimental tools that were
vailable (West, 2004). Now, numerical tools exist that allow us to
nvestigate the dynamic nature of oxygen capture in an unsteady
ealistic environment and complex geometry. Thus, herein a the-
ry is presented that takes into account the complexity of the lung
orphology, and the dynamics of respiration and oxygen trapping.
t will be shown that because of the different characteristic time
cales of oxygen transport in gas and blood, it is possible to study
oth separately although oxygen capture ﬁnally depends on their
omplex interaction.
In earlier studies, the possible non-uniformity of the oxygen
oncentration (also called incomplete gas mixing or stratiﬁcation,
cheid and Piiper, 1980) was related to the ﬁnite diffusivity of
xygen (Dutrieue et al., 2000; Felici et al., 2003, 2005; Grebenkov
t al., 2005; Hou et al., 2010; Mayo et al., 2012; Paiva and Engel,
985, 1987; Sapoval et al., 2002a, b; Swan and Tawhai, 2011;
awhai and Hunter, 2001; Weibel et al., 1981, 2005). To study
he system from the gas point of view, we developed the con-
ept of a “machine acinus” (Foucquier et al., 2013). This machine
∗ Corresponding author at: Physique de la Matière Condensée, CNRS, Ecole Poly-
echnique, 91128 Palaiseau, France. Tel.: +33 169334725.
E-mail address: bernard.sapoval@polytechnique.edu (B. Sapoval).
ttp://dx.doi.org/10.1016/j.resp.2014.11.001
569-9048/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhed  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
has realistic morphology and dynamics (Haefeli-Bleuer and Weibel,
1988; Weibel, 1984) but with an unknown permeability ˝,  here-
after called the “integrative permeability”. We suppose that in the
artiﬁcial machine, blood acts as a perfect sink. The development
determines the  ˝ values that give the same oxygen capture as the
real acinus does under an oxygen partial pressure of approximately
100 mmHg.
Of course, saturation does really intervene and we show, by
studying the blood point of view, how saturation evolves in time
allowing us to determine the value of ˝.  Our results are different
from those derived from the conventional approach which uses,
for oxygen, the formalism introduced by Roughton and Forster
(1957) for the carbon monoxide case. This difference comes from
the previous misinterpretation of the time scales involved in the
establishment of dissolution.
Respiration results from the complex interaction between gas
dynamics and blood saturation depending on the distribution of
oxygen partial pressure. It is then only by combining the gas
and blood approaches in a self-consistent manner that we are
able to build a quantitative theory of oxygen capture with no
adjustable parameters. This general approach can be applied to
the quantiﬁcation of many situations such as ventilation–perfusion
heterogeneity, respiratory response to altitude, the existence of a
respiratory reserve and a decrease of arterial oxygen partial pres-
sure in pulmonary edema.
The theory for oxygen capture by blood can be also
applied to other gases. Herein we  consider the diagnostic and
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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a radius of a red blood cell
CE oxygen concentration on the external surface of a
red blood cell
Cg local oxygen concentration in gas
Cp oxygen concentration in the internal ﬂuid assimi-
lated with plasma
CRBC oxygen concentration in a red blood cell
CS oxygen concentration in air at sea level
Cv oxygen concentration in mixed venous blood
D diffusion coefﬁcient of oxygen in air
DO2 diffusion coefﬁcient of oxygen in plasma
DCO diffusion coefﬁcient of carbon monoxide in plasma
DNO diffusion coefﬁcient of nitric oxide in plasma
DLO2 diffusing capacity of the lung for oxygen
DLCO diffusing capacity of the lung for carbon monoxide
DLNO diffusing capacity of the lung for nitric oxide
Hb hemoglobin molecule
Hct hematocrit
kCO rate constant for carbon monoxide uptake
kNO rate constant for nitric oxide uptake
Nac number of acini in the lung
NHb number of Hb molecules per red blood cell
NNO number of nitric oxide molecules leaving the alveo-
lar volume
NRBC,Lung number of red blood cells in the lung
n exponent of the Hill equation
PA average alveolar oxygen partial pressure
Pa oxygen partial pressure of the arterial blood
Pb* barometric pressure
PI inspired oxygen partial pressure
Pg local alveolar oxygen partial pressure
Pp oxygen partial pressure in plasma
PV oxygen partial pressure of the mixed venous blood
P50 Pp at 50% saturation
RBC red blood cell
Q cardiac output
S gas exchange surface area
SLung total lung surface area
Sat oxygen saturation fraction of hemoglobin molecules
STP standard temperature and pressure
T duration of a respiratory cycle
t time coordinate for gas during the respiratory cycle
tB time coordinate for oxygen trapping dynamics by
blood
tc capillary transit time
ts saturation time for blood
U gas convection velocity in airways
V volume of an acinar branch
VA alveolar volume
Vac volume of an acinus
Vc pulmonary capillary volume
Vp plasma volume per red blood cell
VRBC volume of a red blood cell
V˙ ventilation
V˙O2 the amount of oxygen uptake of the lung
x position in airways
 ˛ liquid to gas partition ratio for oxygen
˛CO liquid to gas partition ratio for carbon monoxide
˛NO liquid to gas partition ratio for nitric oxide
˛′ partition ratio of oxygen concentration between
˛′NO partition ratio of nitric oxide concentration between
plasma and red blood cell
ıExt characteristic time for oxygen diffusion from alveo-
lar space to the red blood cell surface
ıExt,CO characteristic time for carbon monoxide diffusion
from alveolar space to the red blood cell surface
ıExt,NO characteristic time for nitric oxide diffusion from
alveolar space to the red blood cell surface
ıHb characteristic time for oxygen trapping by
hemoglobin molecules
ıHb,CO characteristic time for carbon monoxide trapping by
hemoglobin molecules
ıHb,NO characteristic time for nitric oxide trapping by
hemoglobin molecules
 equivalent diffusion barrier thickness
 ˚ oxygen ﬂux across the gas exchange surface
 instantaneous oxygen ﬂux per red blood cell
 ˝ integrative permeabilityplasma and red blood cell
˛′CO partition ratio of carbon monoxide concentration
between plasma and red blood cell˝physiol integrative permeability in physiological units
(mlSTP cm−2 min−1 mmHg−1)
therapeutic gases carbon monoxide (CO) and nitric oxide (NO).
Thus, we propose a quantitative approach to determine the dif-
fusing capacity of the lung for these gases, DLCO and DLNO. It is
found that oxygen capture, although controlled by the same type
of equations, is fundamentally different from CO or NO capture.
2. Methods
2.1. The gas phase transport: the machine acinus at rest and
during exercise
If the oxygen (O2) concentration is non-uniform, the differential
oxygen ﬂux across an element of the alveolar surface dS at position
x and time t can be expressed by
d  ˚ = ˝
(
Cg(x, t) − Cv
˛
)
dS (1)
where Cg(x,t) is the local O2 concentration, Cv is the mixed
venous O2 concentration in blood plasma (assumed to be con-
stant during a breathing cycle) and  ˛ is the Ostwald partition
ratio (dimensionless ratio of concentration in liquid to concen-
tration in gas at equilibrium, 0.024 for oxygen in water and
air). Units of ﬂux are molecules/time and  ˝ is expressed in
units of length/time or velocity. Note that the usual physiolog-
ical units in terms of partial pressures obscure the fact that
the permeability really measures an average molecular veloc-
ity that is explicit in this formulation. Permeability is usually
measured in standard physiological units such as volume per
unit surface per unit time per partial pressure (for instance
mlSTP cm−2 min−1 mmHg−1; where STP refers to standard tem-
perature and pressure). Here we  use the equivalent physical
units, length divided by time or velocity units, to emphasize
that the permeability is a measure of average molecule veloc-
ity. The equivalence between the physical and the physiological
units of permeability is then given by  ˝ (cm s−1) = 12.7 × ˝physiol
(mlSTP cm−2 min−1 mmHg−1).
The O2 concentration is space- and time-dependent because
it is governed by convection, diffusion and permeation across
the peripheral surface. Assuming that the transverse diffu-
sion time across the acinar duct is negligible compared to
the stream-wise transport during the respiratory cycle, the
1D convection–diffusion–permeation equation can be used to
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Table  1
Simulation parameters.
Symbol (units) Description Rest Exercise
TLC (L) Total lung capacity 6.2
VC (L) Vital capacity 4.34
FRC (L) Functional residual capacity 3.1 (50% of TLC)
Vac,max (mm3) Volume of a single acinus at TLC 187
Nac Total number of acini 32,246
V˙  (L/min) Minute ventilation 7.5 100
T  (s) Breathing period 5 2
ti (s) Inhalation period 2 1
ttr (s) Transit time from mouth to the
entrance of acinus
0.70 0.15
PI (mmHg) O2 partial pressure at the 150 150
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PV (mmHg) O2 partial pressure in the mixed
venous blood
40 20
etermine the gas distribution in each acinar branch (Foucquier
t al., 2013).
∂Cg(x, t)
∂t
= D∂
2
Cg(x, t)
∂x2
− ∂
∂x
[Cg(x, t) · U(x, t)]
− ˝
(
S(x)
V(x, t)
)[
Cg(x, t) − Cv˛
]
(2)
here D is the O2 diffusion coefﬁcient in air (0.20 cm2/s), and
(x)/V(x,t) is the exchange surface to volume ratio. The gas veloc-
ty U(x,t) is driven by the inspiration–expiration motion. Eq. (2)
as solved using ﬁnite difference methods as described previously
Foucquier, 2010; Foucquier et al., 2013) with the backward Euler
cheme used for the time derivate. Then, Cg(x,t) is computed by the
ewton–Raphson method until the residual falls below 1e−6. The
rocess is repeated until the largest difference of Cg(x,t) between
uccessive respiratory cycles is smaller than 1e−3.
The average symmetrical tree of Haefeli-Bleuer and Weibel
1988) was used to describe the acinar morphology. All parameters
nd breathing conditions are summarized in Table 1. If we compute
xygen capture in an asymmetric acinus as described by Haefeli-
leuer and Weibel (1988), we obtain similar results (Foucquier,
010).
The total O2 ﬂow rate of an acinus during a respiratory cycle T
s simply:
 =
∫ T
0
∫
S
˝
[
Cg(x, t) − Cv˛
]
dSdt (3)
If we assume that the whole lung consists of identical acini, then,
he amount of O2 uptake of the whole lung V˙O2 is
˙ O2 = Nac ·  ˚ ·
60
T
(4)
here Nac is the number of acini in the lung. The time and spatial
verage of alveolar O2 partial pressure Pg(x,t) is deﬁned as:
A =
1
T
∫ T
0
1
Vac(t)
∫
V
Pg(x, t)dVdt (5)
here Vac is the volume of an acinus.
The results of parametric simulations in terms of ˝,  for
xercise and rest, are shown in Fig. 1. Average alveolar oxy-
en partial pressure, PA, and oxygen uptake, V˙O2 , are plotted
s a function of ˝.  One observes that the machine does not
espond linearly to ˝,  reﬂecting the complex dynamic behavior of
onvection–diffusion–permeation along the respiratory tract. Thus,
xygen capture cannot be understood from the Bohr “ansatz” that
the ﬂux should be proportional to the permeability”. Furthermore,
iven the ventilation, the functioning of the acinus is controlled by
.Fig. 1. Machine acinus functioning. Dependence of PA (circles) and V˙O2 (squares) on
the integrative permeability  ˝ for exercise (A) and rest (B). Note that the O2 uptake
is  not proportional to ˝.
In order to obtain the values of  ˝ for which the machine acinus
works like a real acinus,  the data are replotted in Fig. 2 using ˝
as an implicit variable. Experimentally determined conditions of
PA of 100 ± 5 mmHg  and V˙O2 of 100–150 and 9–13.4 mmol/min for
exercise and rest (Astrand et al., 2003) respectively are indicated by
the horizontal blue lines and vertical red lines. Within the resulting
boxes are found the compatible  ˝ values of around 3.5 m/s  and
0.41 m/s  for exercise and rest, respectively.
The distribution of the alveolar O2 partial pressure and capture
in space and time for exercise and rest are displayed in Fig. 3. Note
that the distributions are very different, even if the average PA of
each case is about 100 mmHg.
In summary, the function of the machine acinus is determined
by the value of the integrative permeability but in a complex non-
linear manner. In order to explain why this parameter differs by
nearly an order of magnitude between exercise and rest, it is nec-
essary to understand how blood saturation is modiﬁed between
these states as discussed in the next section.
2.2. Blood saturation dynamics: ﬁlling a large tank through a
narrow pipe
Oxygen capture in blood occurs through several steps: (1) dis-
solution, (2) diffusion through membrane and plasma to the red
blood cells (RBCs), (3) transmission across the RBC membrane, (4)
diffusion inside the RBC, and ﬁnally (5) trapping by hemoglobin
(Hb). In their famous interpretation, Roughton and Forster (1957)
deﬁned two steady state resistances that incorporated steps (1 + 2)
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Fig. 2. Searching for the  ˝ values compatible with the experimental values of PA
and V˙O2 during exercise (A) and at rest (B). The realistic PA interval 100 ± 5 mmHg  is
delimited by the vertical red dotted lines. Horizontal dotted lines in blue show the
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Fig. 3. Spatial-temporal distribution of the local alveolar O2 partial pressure (A)
and capture (B) in a single acinus for exercise and rest. The distributions shownealistic range of V˙O2 is 100–150 mmol/min for exercise and 9–13.4 mmol/min for
est.
nd (3 + 4 + 5). Here, we analyze the same process but in the time
omain. We  obtain different results that are expressed in terms
f known or measurable quantities that lead to a different under-
tanding of the overall process.
A key ingredient of our approach is the recognition that disso-
ution is a local molecular event with a characteristic time of order
0−12–10−11 s. Therefore, the concentration at the alveolar mem-
rane interface can be considered as instantaneously equilibrated
ccording to ˛. So, dissolution does not slow down the dynamics of
iffusion although it does slow down the steady state ﬂux from gas
o RBCs (Foucquier et al., 2013). For further explanation on this
eemingly paradoxical point, see the Section 3.4.2 of this refer-
nce. At the plasma–RBC interface, the molecular process (step 3)
s also considered very rapid. For step 4, the diffusion time inside
 spherical RBC is of order a2/2DInt ≈ 1 ms,  where a ≈ 3 m is the
adius, and DInt ≈ 10−5 cm2/s is the O2 diffusivity inside RBC. Thus,
he characteristic times for steps 1, 3, and 4 are very short as com-
ared with the time ıHb associated with O2 trapping by Hb, which
s a few tens of milliseconds (Yamaguchi et al., 1985). Therefore,
he analysis only considers steps 2 and 5, diffusion through plasma
o the RBC and trapping by Hb, with characteristic times ıExt and
Hb, respectively.
We  assume that the periphery of a RBC has uniform concentra-
ion, CE(tB), during O2 capture and that the dynamics of the diffusionhere correspond to  ˝ = 3.5 m/s for exercise and  ˝ = 0.41 m/s  for rest.
process obey a single time constant. So, the instantaneous O2 ﬂux
 (number of molecules per unit time) at time tB (note that we use
the notation tB for oxygen trapping dynamics by blood) between
the alveolar space and the external surface of the red blood cell can
be written as
(tB) =
VRBC
ıExt
[˛Cg − CE(tB)] (6)
where Cg is the local oxygen concentration in the gas at position x
and time t of the respiratory cycle and  ˛ is the gas–plasma partition
ratio (assumed to be equal to the gas–water ratio).
This formulation follows the fact that the ﬂux is proportional
to the difference of concentration between inner surfaces with a
necessary dimensional factor of volume divided by a time. In real-
ity, each RBC has its own time-dependent shape, local hematocrit
environment, and possible clustering during capillary transport
(McWhirter et al., 2009). Consequently, different blood cells have
different ıExt values. Thus, ıExt should be interpreted as an appro-
priate average of the time to diffuse from the gas to the periphery of
the red blood cell. This time is unknown but it should be of order of
1 ms  for a distance to cross of order 2 m.  In fact, as shown below,
the exact value of ıExt plays no role in normal respiration.The O2 content of an RBC at time tB is the time integral of the
ﬂux, (t′), that has arrived from the internal surface of the alveolar
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replaces the classical Bohr integration.) Although Cp is non-linear,
surprisingly, Sat. is almost linear. Fig. 8 also shows the results of
Whiteley (2006) who  found the saturation evolution at rest on
O2 in the acinus
δExt
O2 in RBC
O2 in RB C
tB = ts
tB = 0
O2 in the acinus
Pv
Pg(x,t)ig. 4. Schematic representation of the successive steps for oxygen capture by the
ed blood cells.
embrane to the RBC surface from the moment the blood is in
iffusive contact with the gas (Fig. 4).
tB
0
(t′)dt′ = VRBC(CRBC(tB) − CRBC(tB = 0)) (7)
Combining Eq. (6) and the time derivative of Eq. (7) yields
E(tB) = ˛Cg − ıExt
dCRBC(tB)
dtB
(8)
Here, we consider that the RBC consists of Hb molecules and
nternal ﬂuid (neglecting organelles). We  suppose that Hb satura-
ion responds to O2 concentration in the internal ﬂuid as in plasma.
n other words, we assimilate the internal ﬂuid with plasma.
Because the O2 concentration within the internal ﬂuid is approx-
mately uniform, the overall RBC oxygen concentration can be
xpressed as
RBC =
Vp · Cp
VRBC
+ 4NHb · Sat. (Cp)
VRBC
= ˛′Cp (9)
here Cp is the O2 concentration in internal ﬂuid, NHb is the num-
er of Hb molecules per RBC, Vp is the internal ﬂuid volume per
BC, Sat.(Cp) is the O2 saturation fraction of Hb that is a function
f Cp, and VRBC is the RBC volume. The right-hand-side of Eq. (9)
eﬁnes a partition ratio, ˛′, between the concentration in plasma
nd in the RBC which can be obtained from the oxy-hemoglobin
issociation curve (Fig. 5). The relation between internal ﬂuid oxy-
en partial pressure Pp and oxygen saturation Sat. is modeled by
he Hill equation:
at. = (Pp/P50)
n
1 + (Pp/P50)n
(10)
here Pp at 50% saturation is P50 = 26 mmHg  and n = 2.7 (Franck
t al., 1997).
One can suppose that the average concentration inside the RBC
quilibrates with its surface with the hemoglobin time constant ıHb
s follows:
dCRBC(tB)
dtB
= ˛
′CE(tB) − CRBC(tB)
ıHb
(11)
The time evolution of CRBC is obtained by substituting Eq. (8)
nto (11)
dCRBC(tB)
dtB
+ 1
ıHb + ˛′ıExt
CRBC(tB) =
˛′˛Cg
ıHb + ˛′ıExt
(12)Fig. 5. Dependence of the partition ratio ˛′ on oxygen partial pressure.
or in terms of Cp(tB)
dCp(tB)
dtB
[
1 + Cpd˛
′
˛′dCp
]
+ 1
ıHb + ˛′ıExt
Cp(tB) =
˛Cg
ıHb + ˛′ıExt
(13)
We use the notation tB, for the time spent by blood in diffusive
contact with the alveolar gas, to make it clear that there exists a
speciﬁc dynamics for blood saturation.  The global trapping time con-
stant is then ıHb + ˛′ıExt where ıExt is of order 1 ms,  ıHb is of order
tens of ms,  and ˛′ is about 200 (Fig. 5), so the global time constant
is approximately ˛′ıExt. This result implies that oxygen trapping is
mainly controlled by diffusion from the alveolar space toward the
RBC surface. However, the overall timing to saturation is affected
by the large “oxygen capacity” of RBCs, making the actual process
slower; as occurs with the analogy of ﬁlling a large tank, here a RBC,
through a narrow pipe, here diffusion from gas to the RBC surface,
as shown in Fig. 6.
Numerical solution of Eq. (13), using ˛′ from Eq. (9), gives the
time evolution of Cp (in Fig. 7) and Sat. (in Fig. 8) for two differ-
ent values of the local partial pressure, P (x,t). (This calculationδExt
Fig. 6. Schematic of saturation dynamics represented as “ﬁlling a large tank (RBC)
through a narrow pipe”.
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Fig. 7. Time evolution of O2 concentration in the internal ﬂuid for ıExt = 1 ms  for
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sifferent Cg corresponding to 70 mmHg  and 100 mmHg  of Pg(x,t), respectively. The
omplex time behavior arises from the non-linearity of the oxy-hemoglobin disso-
iation curve.
otally different grounds, namely through a complex ﬁnite element
omputation of capture by parachute shaped RBCs. The similar-
ty between Whiteley’s and our results corroborates our simpliﬁed
rapping model. Furthermore, our assumption that ıExt is of order
 ms  is justiﬁed by Whiteley’s results. (However, as shown below,
s long as ıExt remains of order 1 ms,  its exact value plays no role
n oxygen capture in the healthy lung.)
In addition, recent visualization of in vivo oxygenation dynamics
sing a mouse model (Tabuchi et al., 2013) ﬁnds saturation times
n the order of 0.1 s, approximately the same as our value.
From the quasi-linear behavior of Sat.(tB), one can deﬁne
n approximate saturation time (indicated by arrows in Fig. 8)
s ts = (Sat.(tc) – Sat.(tB = 0))/[(dSat./dtB)(tB = 0)]. At rest and during
ig. 8. Time evolution of blood saturation for ıExt = 1 ms  and Cg corresponding to
0  mmHg  and 100 mmHg, respectively. Also shown in blue is the saturation evo-
ution predicted by Whiteley (2006) from a ﬁnite element calculation. The ﬁnal
aturation value is close to 0.96 for Pg(x,t) = 100 mmHg. Note that the initial satura-
ion value for exercise is here 0.34 whereas the experimental value is really about 0.2.
his  discrepancy is due to the use of the same oxy-hemoglobin dissociation curve
rest) to check the coherence of our approach whereas the actual oxy-hemoglobin
issociation depends on many factors such as pH, PCO2 , and temperature that are
odiﬁed between rest and exercise. The arrows are used to deﬁne the approximate
aturation time ts. Neurobiology 205 (2015) 109–119
exercise ts is about 0.05 s and 0.12 s, respectively. These values are
an order of magnitude shorter than the respiratory cycle duration.
They are also shorter than the capillary times tc, 1 s at rest and 0.3 s
during exercise.
To conclude, this analysis ﬁnds that oxygen trapping is inde-
pendent of blood velocity, although this velocity does determine
whether or not blood becomes saturated by controlling the dura-
tion of the diffusive contact with the alveolar gas.
3. Results
3.1. Resolving the integrative permeability
To determine ˝,  the number of molecules extracted from the
machine acinus is set equal to the number of molecules trapped by
the capillary RBCs. The number of extracted molecules per unit lung
surface during the capillary transit time tc is ˝(Cg – Cv/˛)tc. During
the same time, the number of trapped molecules by the RBCs per
unit lung surface is (CRBC(tc) – CRBC(0))·Vc·Hct/SLung where Vc is the
pulmonary capillary volume, Hct is the hematocrit and SLung is the
lung surface area. Solving for ˝,  one obtains:
 ˝ = Vc
tc
Hct
SLung
(CRBC (tc) − CRBC (0))
Cg − (Cv/˛)
(14)
By deﬁnition CRBC(tB) = CRBC,sat·Sat.(tB) and from Eq. (9)
CRBC,sat ≈ (4 NHb/VRBC). But the concentration at saturation can also
be derived using the fact that saturated blood and sea level air have
the same oxygen concentration (Weibel, 1984; West, 2008). This
equality is expressed as CRBC,sat × Hct = Cs, where Cs is the concen-
tration in air at sea level (corresponding to 150 mmHg). Then, using
the relation between cardiac output and capillary volume Q = Vc/tc,
Eq. (14) is
 ˝ = Q
SLung
Cs
(Cg − (Cv/˛))
(Sat.(tc) − Sat.(0)) (15)
In Eq. (15), all the parameters are known or can be measured,
making the concept of “capillary pressure” introduced by Bohr
(1909) irrelevant for this analysis.
It should be stressed that the trapping time constant ˛′ıExt does
not appear in Eq. (15). Indeed, usually, when ts < tc, the trapping
dynamics play no role. See example cases of tc,3 or tc,4 in Fig. 8.
But for some conditions (examples tc,1 or tc,2), trapping dynamics
will inﬂuence the value of Sat.(tc), as shown below for pulmonary
edema. Another key point is that, in general,  ˝ is a function of posi-
tion and time because Cg in Eq. (15) is really a function of position
and time. We  do not give here the full position and time-dependent
equations that have to be solved in the general case.
Now we  consider the simpliﬁed case where Cg is constant, uni-
form and corresponds to 100 mmHg. The ratio Cs/(Cg − Cv/˛) is
equal to 150/(100 − PV), where PV is the mixed venous O2 par-
tial pressure. Using typical physiological data at rest: Q = 5 L/min;
SLung = 100 m2; Sat.(tc) = 0.97; Sat.(0) = 0.76; and Pv = 40 mmHg, Eq.
(15) gives  ˝ = 0.43 m/s  for this bottom-up approach of oxygen
trapping. This is to be compared with the value 0.41 m/s  found in
Section 2 from a top-down approach of the machine acinus.
In the simpliﬁed situation, the global O2 capture per unit time is
V˙O2 = ˝(Cg − CV/˛)SLung and using Eq. (15) this can be written as
V˙O2 = Q · Cs · (Sat.(tc) − Sat.(0)) (16)Not surprisingly, it shows that the metabolic rate (∼V˙O2) is pro-
portional to the total volume of oxygen carriers (the Hb molecules)
times their velocity (∼1/tc). This is simply “Fick’s principle.” But we
now have a microscopic theory on how respiration achieves this
energy transfer.
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These results constitute a quantitative prediction of the clinical
consequences of thickened diffusion barrier caused by pulmonary
edema or inﬂammation.M.-Y. Kang et al. / Respiratory Physio
Using Eq. (16), V˙O2 = 9.8 mmol/ min  at rest and
07.8 mmol/min during exercise, compared with a range reported
n the literature (Astrand et al., 2003) of 9–13.4 mmol/min and
00–150 mmol/min for rest and exercise, respectively. The pre-
icted ratio of V˙O2 (exercise) to V˙O2 (rest) is 11, close to the typical
xperimental value (West, 2008) of order 10.
.2. A complete theory of oxygen capture
We  now can build a complete theory that accounts for the full
omplexity of oxygen capture; expressed here by the fact that oxy-
en extraction is determined by  ˝ which is itself a function of the
xygen distribution in the acinus. In Eq. (14), Cg and CRBC(tc) are
unctions of position and time, so  ˝ = ˝(x,t). In particular, if Pg(x,t)
s low, the saturation is slowed down and ts may  become larger than
c, creating a local de-saturation that modiﬁes ˝.  Eq. (14) gives the
alue of ˝(x,t) to be used in the convection-diffusion–permeation
quation of Eq. (2). The global solution can then be found only
hrough a self-consistent integration (performed numerically) of
he differential equations governing the process. Note that the
pace and time average of local Sat.(x,t) enables us to compute the
rterial O2 partial pressure Pa from the average saturation:
Sat.
〉
= 1
T
∫ T
0
1
Sacinus
∫
S
Sat.(x, t)dSdt (17)
here Sacinus is the acinus surface area, from which Pa is deduced
y inversion of Eq. (10).
When we use the complete theory accounting for non-
niformity, we obtain V˙O2 = 107 mmol/ min, PA = 101 mmHg
nd an average saturation Sat. = 97% for exercise and
˙ O2 = 11.7 mmol/ min, PA = 96 mmHg  and an average satu-
ation Sat. = 97% for rest, again comparable to experimental
easurements for normal healthy respiration (Astrand et al.,
003).
Furthermore, the theory allows us to compute the capture per
cinus as a function of respiratory parameters (e.g., PV, PI, Q, V˙ ,
cinus morphology, etc.), thus predicting theoretically the conse-
uences of various environmental or pathological situations where
e-saturation might occur. Three applications of the theory are
resented below: the role of ventilation–perfusion matching, res-
iration at high altitude, and pulmonary edema.
.3. Applications: oxygen capture in three speciﬁc examples.
Ventilation–perfusion matching is important for gas exchange
nd the ratio of ventilation/perfusion (V˙/Q ) is considered a key
arameter (West, 2008). We investigate the effects of V˙ and Q in
ig. 9, which shows that, at rest, varying V˙ with constant Q has little
ffect on V˙O2 , whereas the V˙O2 dependence on Q at constant V˙ is sig-
iﬁcant. This ﬁnding is compatible with physiological observations
hat O2 capture is perfusion limited. (Note that V˙  dependence of
O2 removal through the Bohr effect could inﬂuence these results
West, 2008))
Furthermore, the theory enables us to compute oxygen capture
or arbitrary values of ventilation and perfusion. Then, one can draw
 contour map  of V˙O2 in a V˙ ,  Q plane, as shown in Fig. 10. The analysis
f the results clearly shows that it is not the ratio V˙/Q in itself that
overns oxygen capture in a single acinus because of the greater
ependence on Q than V˙ (at sea level).
The inﬂuence of altitude on O2 capture can be computed by
hanging the altitude-dependent parital pressure of inspired
xygen PI. Consider the case of PI = 78 mmHg  corresponding to
he highest known altitude of human habitation ∼5000 m in Peru
ountains (West, 2002). The results are shown in Fig. 11. In
ontrast with the sea level respiration of Fig. 9, V˙O2 now dependsFig. 9. Separate effects of ventilation (at constant normal perfusion
Qnormal = 5 L/min) and perfusion (at constant normal ventilation V˙normal = 7.5 L/min)
on  O2 capture at rest. Note the log scale.
on ventilation. Also, solely controlling V˙ and Q is not sufﬁcient to
maintain a normal V˙O2 (or the basic metabolic rate) as long as PV
remains at its sea level value of 40 mmHg. However, if PV decreases
to 20 mmHg  (top curves), one can recover, at rest, a normal V˙O2 ,
and for normal life requiring a larger V˙O2 , hyperventilation would
be needed. This calculation conﬁrms why hyperventilation has
been considered the most characteristic feature of acclimatization
at high altitudes (Schoene, 2001; West, 2008).
It was  previously shown that in normal, healthy conditions the
saturation time of order ˛′ıExt is less than the capillary time and
does not affect oxygen capture; so there exists an oxygenation
reserve. This is conﬁrmed by the full calculation results shown in
Fig. 12. It shows that the diffusion barrier thickness can be increased
up to some limit with no symptoms. This constitutes another safety
factor for respiration (Mauroy et al., 2004). But if ıExt exceeds 15 ms,
so that ˛′ıExt becomes of the order of the capillary time, oxygen cap-
ture is reduced rapidly and de-saturation, measured by Pa, occurs.Fig. 10. Single acinus V˙O2 (in units of normal V˙O2 ) computed for arbitrary values of
ventilation V˙ and perfusion in units of their normal values (for PV = 40 mmHg). Note
the log scale. Along the diagonal V˙/Q keeps its normal value but V˙O2 varies.
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Fig. 11. Role of altitude on oxygen capture at rest. Prediction of O2 capture at
the  highest human habitation (PI = 78 mmHg). The bottom lines correspond to
PV = 40 mmHg and the top lines to PV = 20 mmHg. This result shows that the basal
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Fig. 13. Dependence of the partition ratio on CO partial pressure. This curve
is  obtained from the CO–Hb dissociation curve (Hill equation for CO), where
P50 = 0.12 mmHg  (Paulev and Zubieta-Calleja, 2004) and n is assumed to be the sameetabolic rate corresponding to V˙O2 at rest at sea level can be preserved if PV
ecreases to 20 mmHg  (log scale).
.4. Capture of CO and NO by blood
In this section, we show that Eq. (12) which has been used for O2
apture can be used to understand the capture of carbon monox-
de and nitric oxide, although the functional consequences are very
ifferent. For CO and NO, the time constants for diffusion from the
as to the RBC external surface ıExt are of the same order of mag-
itude as for O2, about 1 ms.  But the partition ratios ˛′ are very
ifferent for the different species. Fig. 13 shows the dependence
f ˛′CO deduced from the CO–Hb dissociation curve. Since we only
onsider very small CO partial pressures near 0.03 mmHg, ˛′CO is of
rder 103–104 in Fig. 13, whereas it is of order 200 for O2 in Fig. 5.
ig. 12. Numerical prediction of the effect of pulmonary edema considered to be
n  increase in the duration of the diffusive transport between gas and RBCs. This
uration is proportional to the square of the thickness of the diffusion barrier as
ndicated by the top scale. The thickness increase could reﬂect the existence of inter-
titial edema. The ﬂat regions indicate the existence of a respiratory reserve against
ub-edema. Note that the decrease in arterial O2 partial pressure and V˙O2 occurs for
he same ıExt value around 20 ms.as  that of O2, 2.7. One notes the 2 orders of magnitude difference compared with
oxygen in Fig. 5.
The partition ratio ˛′NO should be even greater due to the extremely
large afﬁnity of hemoglobin for NO.
This is important here as the time constant associated with the
speed of trapping by the RBCs is ıHb + ˛′ıExt (in Eq. (12)). We  have
seen that for oxygen the second term is the principal contribu-
tion. The time constants ıHb associated with each species can be
estimated from their reaction kinetics: Yamaguchi et al. (1985)
found that ıHb,O2∼30 ms  and Cassoly and Gibson (1975) showed
that ıHb,NO ∼ 5 ms  from their measurements. If we assume that ıHb
is inversely proportional to the reaction rate constant (Meyer et al.,
1990), we obtain ıHb,CO ∼ 1.5 s.
In consequence, for NO, the Hb equilibrium time constants
ıHb,NO is negligible compared to ˛′NOıExt,NO. Also, we  can assume
that CRBC,NO and Cp,NO are small enough because PV,NO remains very
small during the DLNO measurement. Then, for NO, Eq. (12) can be
written simply as
dCRBC,NO(t)
dt
 ˛
′
/
NO˛NO · Cg,NO(t)
˛′
/
NOıExt,NO
= Cg,NO(t)
ıExt,NO/˛NO
(18)
It is interesting to note that the time constant associated to
this process includes the gas–liquid partition ratio ˛NO because the
steady-state ﬂow from gas to blood is effectively slowed down by
the solubility process as explained in Foucquier et al. (2013).
Eq. (18) describes the rate of NO capture by a single RBC. Assum-
ing a homogeneous capture over the whole lung, the number of NO
molecules leaving the alveolar volume per unit time is
dnNO
dt
= dCRBC,NO(t)
dt
·  VRBC · NRBC,Lung =
dCRBC,NO(t)
dt
·  Vc · Hct  (19)
The NO concentration in the alveolar volume VA, Cg,NO(t) then
obeys,
dCg,NO(t)
dt
= − 1
VA
dnNO
dt
= −Cg,NO(t)
1
VA
˛NO · Vc · Hct
ıExt,NO
(20)
and Cg,NO(t) follows an exponential decay
Cg,NO(t) = Cg,NO(t=0) · exp(−kNOt) with kNO =
1
VA
˛NO · Vc · Hct
ıExt,NO(21)
The above equations can be translated into familiar terms
and units of DLNO using the formula: DLNO = VA × kNO/Pb* in
logy & Neurobiology 205 (2015) 109–119 117
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Fig. 14. Time evolution of Cg,CO for various characteristic times of CO–Hb reaction
ıHb,CO, deduced from the solution of Eq. (13) for CO with VA = 5 L. The vertical axis is
log  scale. Note the non-exponential decay when ıHb,CO is not negligible.
Table 2
Comparison of kCO and DLCO predictions for various characteristic times of CO–Hb
reaction ıHb (note that these results depend on the value of Vc that we used).
ıHb·(s) 0 1 3 5 7M.-Y. Kang et al. / Respiratory Physio
l  · min−1 · mmHg−1, where P∗b is the barometric pressure: 760–47
water vapor pressure) = 713 mmHg. Introducing kNO from Eq. (21)
ne obtains
LNO =
˛NO · Hct
P∗b
· Vc
ıExt,NO
(22)
Eq. (22) indicates that the measure of DLNO is really an experi-
ental determination of the ratio Vc/ıExt,NO. For instance, doubling
oth Vc and ıExt,NO brings the same DLNO.
Values of Vc have been deduced through the Roughton and
orster interpretation to be around 70 ml  (Hughes and Bates, 2003).
n the other hand, the anatomic values of Vc deduced from morpho-
etric studies (Gehr et al., 1978) are found to be larger, 200 ml.  The
ecent observation, by Tabuchi et al. (2013), that oxygen capture
ffectively starts before the capillary system would suggest that
he Vc, which really represents the blood volume in diffusive con-
act with the gas, could be larger. In the following, we  use arbitrarily
n intermediate value for Vc of 100 ml.
Another important but unknown parameter is the external time
onstant ıExt,NO which is associated with a purely diffusive process
hrough the membrane–plasma medium. We  recall that the corre-
ponding parameter for oxygen ıExt,O2 plays no role in O2 capture.
rom dimensional analysis, ıExt,NO can be expressed as
Ext,NO =
2
DNO
(23)
here DNO is the molecular diffusivity of NO in the
embrane–plasma medium and the length  is an equivalent
iffusion barrier thickness which is independent of the diffusing
pecies.
From the experimentally measured DLNO = 144 ml
in−1mmHg−1 (Zavorsky et al., 2008), we deduce ıExt,NO = 0.96 ms
ith Hct = 0.4 and ˛NO = 0.041 (Cotes et al., 2006). Using Eq. (23),
e ﬁnd  = 1.58 m with DNO = 2.60 × 10−5 cm2/s (Cussler, 1997).
s  is independent of the diffusing species, it can be used in Eq.
23) for O2 and CO to obtain ıExt,O2 = 1.19 ms  and ıExt,CO = 1.23 ms.
rom this analysis, ıExt,O2 can be considered as measured and is
ndeed of the order of the value mentioned in the discussion of O2
apture. However, we recall that these results are related with the
alue that we use for Vc.
Substituting Eq. (23) in Eq. (22) one writes
LNO =
˛NO · DNO · Vc · Hct
2 · P∗b
(24)
But Vc·Hct/2 is independent of the diffusing species so that it
an be used to predict DLCO from DLCO under the same approxima-
ion with
LCO =
˛CO · DCO · Vc · Hct
2 · P∗b
(25)
nd the ratio of the diffusing capacities for NO and CO reduces to the
heoretical value DLNO/DLCO = ˛NODNO/˛CODCO. With ˛CO = 0.018
Cotes et al., 2006) and DCO = 2.03 × 10−5 cm2/s (Cussler, 1997), the
omputed ratio is 2.92 instead of 4.75 obtained from measurements
Aguilaniu et al., 2008).
This discrepancy is signiﬁcative of the fact that considering
Hb,CO negligible as compared to ˛′CO·ıExt,CO is not well veriﬁed
or CO. Then, CO capture should be computed by numerically solv-
ng the non-linear Eq. (13) but now for CO capture. To solve that
roblem, the time evolution of Cp,CO per RBC is computed from
q. (13) with the initial alveolar CO concentration of the typical
ingle-breath measurement: The fraction of CO concentration to
he inspired gas is 0.003 (Cotes et al., 2006) and the ratio of CO con-
entration in alveoli to the inspired gas is 0.35 (Hughes and Pride,
012). Then, the corresponding changes in Cg,CO is calculated withkCO·(s−1) 0.117 0.104 0.082 0.064 0.049
DLCO (ml/min/mmHg) 49.3 43.8 34.4 26.7 20.6
VA = 5 L. Fig. 14 shows the time evolution Cg,CO for various ıHb,CO
values.
In each case, kCO can be calculated using the relation:
kCO = ln(Cg,CO(t = 0)/Cg,CO(1s))/(1s – 0). Table 2 shows kCO and
the resulting DLCO of each case. Compared to the measured
DLCO = 28.1 ml  · min−1 · mmHg−1 (Zavorsky et al., 2008), it shows
that, unlike NO, CO capture is decreased due to its slow reaction
with Hb. Then, our computation suggests that the value of ıHb,CO
appropriate to describe DLCO would be more of the order of 3–5 s.
(This might be due to the change of O2 partial pressure during a
breath hold but this cannot be concluded deﬁnitively).
Note that there is a basic difference between DLO2 and both DLNO
and DLCO. We  have seen in Fig. 12 that an increase in the thickness
of the diffusion barrier by a factor 2 would not modify oxygen cap-
ture, but it would create a signiﬁcant increase in ıExt. Thus, our
analysis indicates that DLNO and DLCO are strongly sensitive to ıExt,
and therefore, to interstitial diseases.
At this point, one should recall that extensive studies have been
made by Borland et al. (2010, 2014) in the frame of Roughton and
Forster decomposition. These works call for the possible existence
of a diffusion barrier associated with the RBC membrane and also
for the possible role of the inhomogeneity inside RBCs. In our per-
spective, the time for capture is the sum of a time associated to
Hb reaction ıHb and a time to “ﬁll” the Hb reservoirs ˛′ıExt. In that
sense, the effects discussed by Borland et al. would contribute to the
effective value of ıExt which, as explained above, is not measured
directly.
4. Discussion and conclusion
We have presented a general theory for oxygen capture that
accounts for the dynamics of the respiratory cycle and trapping of
oxygen by red blood cells. Using known physical equations, this
“ﬁrst principles” theory provides a direct link between quantities
that drive respiration and are known or accessible experimentally
(e.g., hematocrit, Hb properties, morphology, ventilation, cardiac
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utput or capillary time, inspired gas composition, fresh air arrival
ime) and predictions of oxygen capture and arterial saturation. We
ave shown that the time constant for oxygen trapping by the RBCs
s of order 0.1 s, much shorter than the respiratory cycle. And it is
ecause the time-scales for gas and blood differ by an order of mag-
itude that the two processes can be studied separately although
hey are linked in a complex manner. This complexity arises here
rom the fact that oxygen extraction from the gas is determined
y a space- and time-dependent integrative permeability that is
inked to the oxygen distribution in the acinus. The global solu-
ion is therefore found only through a self-consistent integration
performed numerically) of the non-linear differential equations
overning the process. In that sense, for oxygen,  the very concept of
ermeability loses its pertinence because  ˝ in Eq. (15) should be
ritten as ˝(x,t) from the fact that Cg and tc are really Cg(x,t) and
c(x,t).
We should however recall the limitations of our approach. A ﬁrst
bvious limitation is that we deal with an average “acinus” and the
esults that we present at the lung level assumes a homogeneous
unctioning of the respiratory system. It is also assumed that inside
his “typical acinus” the capillary system itself is homogeneous.
n the other hand the single acinus results can be considered as a
icroscopic unit candidate for description of more global hetero-
eneity.
A second limitation is that factors related with the conducting
irways were (1) expressed by boundary conditions (homogeneous
rrival time to the acinus and re-inhalation of dead space gas) or
2) neglected (possible mixing between gases from different acini).
ut here again one can take advantage of this ‘per acinus’ approach
or dealing with several types of heterogeneity such as heteroge-
eous ventilation or perfusion or both etc. For instance, Florens
t al. (2011) showed that the oxygenation time of an acinus varies
ccording to the path along the conducting airways to reach this
cinus. Its qualitative consequences on oxygen capture could be
ealt with in a future work.
In addition to that (1) we have used a single oxy-hemoglobin dis-
ociation and (2) we have assumed that volume changes in alveoli
re negligible compared to that of the ducts and that acinar tree
ilates uniformly in the thoracic cage and (3) we have neglected
he effect of gravity.
Our work can also be considered as a microscopic interpretation
f the well-known Fick’s principle in respiration. The difference
etween the present results and the Roughton and Forster inter-
retation is that oxygen capture is not limited by the sum of “steady
tate” diffusive component in the tissue-plasma and a combined
iffusion-reaction component within the RBC but by the duration
f trapping. And this duration, of order 0.1 s, is not inﬂuenced by
he solubility but determined only by the product of an average
uration of the diffusion time ıExt from the internal interface of the
as-membrane separation to the external RBC membrane, multi-
lied by the partition ratio ˛′. So, for oxygen, in normal conditions,
he speed of capture of oxygen by Hb molecules does not slow down
igniﬁcantly the global trapping process.
Using the same equations (as for oxygen) for the transport and
rapping of CO and NO to predict DLCO or DLNO in the single-breath
ituation one obtains predictions that are compatible with experi-
ents. But now, because there is no saturation, this capture follows
 steady state regime in which the solubility (in the form of the gas-
uid partition ratio ˛) does slow down the trapping ﬂux. This is
ot surprising as the time-dependent transport equations are gen-
ral and should also apply to a steady state regime. In the case of
ingle-breath DLCO, the speed of capture of CO by Hb molecules par-
icipates to the global trapping process. So, although the measures
f DLCO and DLNO are most important instruments in characteriz-
ng pulmonary diseases, they cannot be simply converted to oxygen
apture. Neurobiology 205 (2015) 109–119
The theory has been shown to be consistent with functional data
for healthy lungs at rest and during exercise. But being general,
the same approach can be used to investigate a wide variety of
respiration issues. In this paper we have brieﬂy applied the the-
ory to predictions on the role of ventilation–perfusion matching,
to respiration at high altitude, and to functional consequences of
pulmonary edema. Future studies under consideration include var-
ious pathological situations described by modiﬁcations of the above
mentioned governing parameters, analysis of the role of inhaled gas
composition, and in a different perspective, to investigate athletic
performances at altitude or the role of hematocrit.
Conﬂict of interest
The authors declare no competing ﬁnancial interests.
Author contributions
All authors contributed equally to this work.
Acknowledgments
We  are grateful to V. Billat, J. Butler, C.C.W. Hsia, J.-P. Richalet,
J.M.B. Hughes and J. Texereau for fruitful discussions. B.S. wishes to
mention that this work follows long collaboration with M.  Filoche
and E.R. Weibel. This work was supported by Air Liquide.
References
Aguilaniu, B., Maitre, J., Glenet, S., Gegout-Petit, A., Guenard, H., 2008. European
reference equations for CO and NO lung transfer. Eur. Respir. J. 31, 1091–1097.
Astrand, P.-O., Rodahl, K., Dahl, H.A., Stromme, S.B., 2003. Textbook of Work Physi-
ology, fourth ed. Human Kinetics, pp. 160–161.
Bohr, C., 1909. Über die speziﬁsche Tätigkeit der Lungen bei der respiratorischen
Gasaufnahme und ihr Verhalten zu der durch die Alveolarwand stattﬁndenden
Gasdiffusion. Skand. Arch. Physiol. 22, 221–280.
Borland, C.D.R., Bottrill, F., Jones, A., Sparkes, C., Vuylsteke, A., 2014. The signiﬁcant
blood resistance to lung nitric oxide transfer lies within the red cell. J. Appl.
Physiol. 116, 32–41.
Borland, C.D.R., Dunningham, H., Bottrill, F., Vuylsteke, A., Yilmaz, C., Hsia, C.C.W.,
2010. Signiﬁcant blood resistance to nitric oxide transfer in the lung. J. Appl.
Physiol. 108, 1052–1060.
Cassoly, R., Gibson, Q., 1975. Conformation, co-operativity and ligand binding in
human hemoglobin. J. Mol. Biol. 91, 301–313.
Cotes, J.E., Chinn, D.J., Miller, M.R., 2006. Lung Function: Physiology, Measurement
and Application in Medicine, sixth ed. Blackwell Publishing Ltd., pp. 224–229.
Cussler, E.L., 1997. Diffusion: Mass Transfer in Fluid Systems, second ed. Cambridge
University Press, New York.
Dutrieue, B., Vanholsbeeck, F., Verbank, S., Paiva, M.,  2000. A human acinar structure
for simulation of realistic alveolar plateau slopes. J. Appl. Physiol. 89, 1859–1867.
Felici, M.,  Filoche, M.,  Sapoval, B., 2003. Diffusional screening in the human pul-
monary acinus. J. Appl. Physiol. 94, 2010–2016.
Felici, M.,  Filoche, M.,  Straus, C., Similovski, T., Sapoval, B., 2005. Diffusional screening
in real 3D human acini – a theoretical study. Respir. Physiol. Neurobiol. 145,
279–293.
Florens, M.,  Sapoval, B., Filoche, M., 2011. An anatomical and functional
model of the human tracheobronchial tree. J. Appl. Physiol. 110,
756–763.
Foucquier, A., 2010. Dynamique du transport et du transfert de l’oxygène au sein
de l’acinus pulmonaire humain. Thèse de Doctorat de l’Ecole polytechnique.,
pp.  108–121, Accessible on Pastel website: http://pastel.archives-ouvertes.fr/
index.php?halsid=7ah4v9djubjgh1c9tvert860o5&action todo=home under the
name Foucquier.
Foucquier, A., Filoche, M.,  Moreira, A.A., Andrade Jr., J.S., Arbia, G., Sapoval, B., 2013. A
ﬁrst principles calculation of the oxygen uptake in the human pulmonary acinus
at  maximal exercise. Respir. Physiol. Neurobiol. 185, 625–638.
Franck, A.O., Charles Chuong, C.J., Johnson, R.L., 1997. A ﬁnite-element model of
oxygen diffusion in the pulmonary capillaries. J. Appl. Physiol. 79, 2036–2044.
Gehr, P., Bachofen, M.,  Weibel, E.R., 1978. The normal human lung: ultrastructure
and morphometric estimation of diffusion capacity. Respir. Physiol. 32, 121–140.
Grebenkov, D., Filoche, M.,  Sapoval, B., 2005. Diffusion-reaction in branched struc-
tures: theory and application to the lung. Phys. Rev. Lett. 94, 050602.
Haefeli-Bleuer, B., Weibel, E.R., 1988. Morphometry of the human pulmonary acinus.
Anat. Rec. 220, 401–414.
Hou, C., Gheorghiu, S., Huxley, V.H., Pfeifer, P., 2010. Reverse engineering
of  oxygen transport in the lung: adaptation to changing demands and
logy &
H
H
M
M
M
M
P
P
P
R
S
SM.-Y. Kang et al. / Respiratory Physio
resources through space-ﬁlling networks. PLoS Comput. Biol. 6, e1000902,
http://dx.doi.org/10.1371/journal.pcbi.1000902.
ughes, J.M.B., Bates, D.V., 2003. Historical review: the carbon monoxide diffusing
capacity (DLCO) and its membrane (Dm) and red cell (Vc) components. Respir.
Physiol. Neurobiol. 138, 115–142.
ughes, J.M.B., Pride, N.B., 2012. Examination of the carbon monoxide diffusing
capacity (DLCO) in relation to its KCO and VA components. Am.  J. Respir. Crit.
Care Med. 186, 132–139.
auroy, B., Filoche, M.,  Weibel, E.R., Sapoval, B., 2004. An optimal bronchial tree
may be dangerous. Nature 427, 633–636.
ayo, M.,  Gheorghiu, S., Pfeifer, P., 2012. Diffusional screening in treelike spaces: an
exactly solvable diffusion-reaction model. Phys. Rev. E 85, 011115.
cWhirter, J.L., Noguchi, H., Gompper, G., 2009. Flow-induced clustering and align-
ment of vesicles and red blood cells in microcapillaries. Proc. Natl. Acad. Sci. U.
S.  A. 106, 6039–6043.
eyer, M.,  Schuster, K.D., Schulz, H., Mohr, M.,  Piiper, J., 1990. Pulmonary diffusing
capacities for nitric oxide and carbon monoxide determined by rebreathing dogs.
J.  Appl. Physiol. 68, 2344–2357.
aiva, M., Engel, L.A., 1985. Model analysis of intra-acinar gas exchange. Respir.
Physiol. 62, 257–272.
aiva, M.,  Engel, L.A., 1987. Theoretical studies of gas mixing and ventilation distri-
bution in the lung. Physiol. Rev. 67, 750–796.
aulev, P.-E., Zubieta-Calleja, G., 2004. New Human Physiology, second ed. Univer-
sity of Copenhagen, http://www.zuniv.net/physiology/book/index.htm
oughton, F.J.W., Forster, R.E., 1957. Relative importance of diffusion and chemical
reaction rates in determining rate of exchange of gases in the human lung, with
special reference to true diffusing capacity of pulmonary membrane and volume
of  blood in the lung capillaries. J. Appl. Physiol. 11, 290–302.
apoval, B., Weibel, E.R., Filoche, M.,  2002a. Diffusion screening, acinus size and
optimal design of mammalian lungs. In: Losa, G.A., Merlini, D., Nonnenmacher,
T.F., Weibel, E.R. (Eds.), Fractals in Biology and Medecine, vol. IV. Birkhäuser
Verlag, Basel, pp. 25–38.
apoval, B., Filoche, M.,  Weibel, E.R., 2002b. Smaller is better-but not too small: a
physical scale for the design of the mammalian pulmonary acinus. Proc. Natl.
Acad. Sci. U. S. A. 99, 10411–10416. Neurobiology 205 (2015) 109–119 119
Scheid, P., Piiper, J., 1980. Intrapulmonary gas mixing and stratiﬁcation. In: West, J.B.
(Ed.),  Pulmonary Gas Exchange, vol. I. Academic Press, New York, San Francisco,
pp. 87–130.
Schoene, R.B., 2001. Limits of human lung function at high altitude. J. Exp. Biol. 204,
3121–3127.
Swan, A.J., Tawhai, M.H., 2011. Evidence for minimal oxygen heterogene-
ity  in the healthy human pulmonary acinus. J. Appl. Physiol. 110,
528–537.
Tabuchi, A., Styp-Rekowska, B., Slutsky, A.S., Wagner, P.D., Pries, A.R., Kuebler, W.M.,
2013. Precapillary oxygenation contributes relevantly to gas exchange in the
intact lung. Am.  J. Respir. Crit. Care Med. 188, 474–481.
Tawhai, M.H., Hunter, P.J., 2001. Characterizing respiratory airway gas mixing using
a lumped parameter model of the pulmonary acinus. Respir. Physiol. 127,
241–248.
Weibel, E.R., 1984. The Pathway for Oxygen. Harvard University Press, Cambridge,
MA.
Weibel, E.R., Taylor, C.R., Gehr, P., Hoppeler, H., Mathieu, O.,  Maloiy, G.M.O., 1981.
Design of the mammalian respiratory system. IX. Functional and structural limits
for oxygen ﬂow. Respir. Physiol. 44, 151–164.
Weibel, E.R., Sapoval, B., Filoche, M., 2005. Design of peripheral airways for efﬁcient
gas exchange. Respir. Physiol. Neurobiol. 148, 3–21.
West, J.B., 2002. Highest permanent human habitation. High Alt. Med. Biol. 3,
401–407.
West, J.B., 2004. A century of pulmonary gas exchange. Am.  J. Respir. Crit. Care Med.
169,  897–902.
West, J.B., 2008. Respiratory Physiology: The Essentials, eighth ed. Wolters
Kluwer/Lippincott Williams & Wilkins, Baltimore/Philadelphia.
Whiteley, J.P., 2006. Some factors affecting pulmonary oxygen transport. Math.
Biosci. 202, 115–132.
Yamaguchi, K., Nguyen-Phu, D., Scheid, P., Piiper, J., 1985. Kinetics of O2 uptake and
release by human erythrocytes studied by a stopped-ﬂow technique. J. Appl.
Physiol. 58, 1215–1224.
Zavorsky, G.S., Cao, J., Murias, J.M., 2008. Reference values of pulmonary dif-
fusing capacity for nitric oxide in an adult population. Nitric Oxide 18,
70–79.
